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Abstract:  
 
 
NIR and IR spectroscopy has been applied for detection of chemical species 
and the nature of hydrogen bonding in arsenate complexes.  The structure and spectral 
properties of copper(II) arsenate minerals chalcophyllite and chenevixite are 
compared with copper(II) sulphate minerals devilline, chalcoalumite and caledonite. 
Split NIR bands in the electronic spectrum of two ranges 11700-8500 cm-1 and 8500-
7200 cm-1 confirm distortion of octahedral symmetry for Cu(II) in the arsenate 
complexes. The observed bands with maxima at 9860 and 7750 cm-1 are assigned to 
Cu(II) transitions 2B1g  2B2g and 2B1g  2A1g. Overlapping bands in the NIR region 
4500-4000 cm-1 is the effect of multi anions OH-, (AsO4)3- and (SO4)2-. The 
observation of broad and diffuse bands in the range 3700-2900 cm-1 confirms strong 
hydrogen bonding in chalcophyllite relative to chenevixite. The position of the water 
bending vibrations indicates the water is strongly hydrogen bonded in the mineral 
structure. The strong absorption feature centred at 1644 cm-1 in chalcophyllite 
indicates water is strongly hydrogen bonded in the mineral structure. The H2O-
bending vibrations shift to low wavenumbers in chenevixite and an additional band 
observed at 1390 cm-1 is related to carbonate impurity. The characterisation of IR 
spectra by ν3 antisymmetric stretching vibrations of (SO4)2- and (AsO4)3 ions near 
1100 and 800 cm-1 respectively is the result of isomorphic substitution for arsenate by 
sulphate in both the minerals of chalcophyllite and chenevixite. 
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1   Introduction 
 
Arsenates, a group of minerals that are compounds of one or more metallic elements 
associated with the arsenate radical (AsO4). Many arsenates are based upon heavy 
metals that may include multiple anions [1-4]. Arsenic occurs naturally as a major 
component in arsenates [containing As(V)O4 units] including adelite 
[CaMgAsO4(OH)], chalcophyllite [Cu18Al2[OH)9(SO4)(AsO4)]·33H2O], clinoclase 
[Cu3(AsO4)(OH)3], chenevixite Cu2Fe23+[(OH)2(AsO4)]2, luetheite 
Cu2Al2[(OH)2(AsO4)]2, duftite [CuPb(AsO4)(OH)], hoernesite [Mg3(AsO4)2·8H2O], 
scorodite [FeAsO4·2H2O]; arsenites [containing As(III)O3 units] such as armangite 
[Mn26(As18O50)(OH)4CO3], ecdemite [Pb6As2O7Cl4], finnemanite [Pb5(AsO3)3Cl], 
paulmooreite [Pb2As2O5], trigonite [Pb3Mn(AsO3)2(AsO2(OH)], trippkeite [CuAs2O4] 
[5, 6].  Normal anhydrous copper(II) arsenate, lammerite Cu3(AsO4)2 is also a natural 
species even though the occurrence is uncommon. The relative stabilities of the basic 
copper arsenates have been determined using estimated chemical parameters and 
experimentally determined solubility products [7, 8]. Olivenite is the stable phase 
under chemical conditions intermediate to those that serve to stabilise cornwallite and 
clinoclase and paragenetic relationships have been explored. Magalhaes et al. [9] 
reported the relative stabilities of the basic copper arsenates using estimated chemical 
parameters and experimentally determined solubility products [7, 8]. The difference in 
stability is attributed to pH, temperature of crystallisation and the relative redox 
potentials [10]. The heavy metals like Pb and the metalloids As and Se are among the 
common most environmental contaminants resulting from anthropogenic activities 
and the weathering of natural mineral deposits [11].  
 
 The present investigation on the spectroscopic study of chalcophyllite and 
chenevixite has been undertaken as part of a program dealing with the characterisation 
of Cu/Al basic sulphate hydrated/hydrous minerals by near-infrared and mid-infrared 
spectroscopy [12]. Chalcophyllite Cu18Al2[OH)9(SO4)(AsO4)]·33H2O is a rare 
secondary mineral in the oxidized zones of copper ore deposits. Most minerals have 
just one principle anion group with possibly some hydroxides or halides [13]. The 
arsenate copper rich chalcophyllite has a unique in nature, chemically associated with 
4 
 
three different anion groups and the mineral is known for long time [14-17]. 
Chalcophyllite crystallizes in space group R3m with a = 10.756 and c = 28.678 Å. 
The structure was determined by Patterson and Fourier methods and refined by the 
least-squares technique. The dominant structural feature is the arrangement of Cu and 
Al polyhedra into complex sheets to which the As tetrahedral are attached by one 
face. The sheets are connected to each other by the hydrogen bonding system, where 
the SO4 groups are immersed [18]. 
 
 Chenevixite, defined as Cu2Fe23+[(OH)2(AsO4)]2 and luetheite, defined as 
Cu2Al2[(OH)2(AsO4)]2, occur as an uncommon secondary mineral in the oxidized 
zone of some hydrothermal polymetallic mineral deposits from American Eagle mine, 
Utah, USA. The similar diffraction data and physical properties indicated that 
luetheite is isostructural with chenevixite [19]. The crystal structure of chenevixite, 
Cu2M2(AsO4)2(OH)4 ( M = Al3+ or Fe3+), pseudo-orthorhombic, monoclinic, a = 
5.701,  b = 5.180, c = 29.265 Å,  space group B1211, Z = 4, was solved by direct 
methods and refined by the least-squares technique [20]. The structure consists of 
edge-sharing arsenate tetrahedra, Alφ6 octahedra, and Jahn-Teller-distorted Cu2+φ6 
octahedra [φ: O2-, (OH)-] form a framework unique from those in Cu2+ oxysalt 
minerals. The chains of edge-sharing Cu2+φ6 octahedra, with Alφ6 octahedra attached 
on opposite sides by the sharing of edges, are linked into layers parallel to (001) by 
sharing vertices with AsO4 tetrahedra, and the layers are linked to form a framework 
by the sharing of polyhedral elements between adjacent Alφ6 octahedra, as well as 
between AsO4 tetrahedra and Alφ6 octahedra [20].  
 Ross reported the infrared spectrum of chalcophyllite [26]. Only two 
prominent infrared bands were observed at 815 cm-1 assigned to AsO43- and the 
second one at 1100 cm-1 ascribed to SO42- vibrations. The spectroscopic part of 
chenevixite was not at all included in the previous studies and information on the 
application of NIR spectroscopy of arsenate minerals is very limited. We present here 
the near-infrared and mid-infrared spectroscopic investigations of two arsenate 
minerals. A comparison of spectral variations between chalcophyllite, copper 
aluminium arsenate sulphate and chenevixite, copper iron arsenate minerals is made. 
These spectra are related to the mineral structure.  The spectral variations between 
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chalcophyllite, copper aluminium arsenate sulphate and chenevixite, copper iron 
arsenate minerals are related to the chemistry of the two mineral species. 
 
 2   Experimental 
 
  
   2.1   Samples description   The two arsenate minerals were supplied by the 
Mineralogical Research Company, USA. Chenevixite, a secondary mineral in the 
oxidized zone of some hydrothermal polymetallic mineral deposits from American 
Eagle mine, Utah, USA and chalcophyllite from Majuba Hill mine, Nevada, USA 
were  used in the present work. The minerals were analysed by XRD for phase 
identification and scanning electronic microscopy (SEM) images were performed.  
 
   2.2   Near-infrared (NIR) spectroscopy    
NIR spectra were collected on a Nicolet Nexus FT-IR spectrometer with a Nicolet 
Near-IR Fibreport accessory (Madison, Wisconsin).  A white light source was used, 
with a quartz beam splitter and TEC NIR InGaAs detector.  Spectra were obtained 
from 13,000 to 4000 cm-1 (0.77-2.50 µm) (770-2500 nm) by the co-addition of 64 
scans at a spectral resolution of 8 cm-1. A mirror velocity of 1.266 m sec-1 was used.  
The spectra were transformed using the Kubelka-Munk algorithm to provide spectra 
for comparison with published absorption spectra.  
 
   2.3   Mid-IR spectroscopy    
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a 
smart endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 
range were obtained by the co-addition of 64 scans with a resolution of 4 cm-1 and a 
mirror velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to noise 
ratio. 
 
Spectral manipulation such as baseline adjustment, smoothing and 
normalisation were performed using the Spectracalc software package GRAMS 
(Galactic Industries Corporation, NH, USA). Band component analysis was 
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undertaken using the Jandel ‘Peakfit’ software package which enabled the type of 
fitting function to be selected and allows specific parameters to be fixed or varied 
accordingly. Band fitting was done using a Lorentz-Gauss cross-product function with 
the minimum number of component bands used for the fitting process. The Lorentz-
Gauss ratio was maintained at values greater than 0.7 and fitting was undertaken until 
reproducible results were obtained with squared correlations of r2 greater than 0.995.  
 
 3   Results and discussion  
 
   3.1   Near-infrared (NIR) spectroscopy    
 
Near-infrared spectroscopy (NIRS) has been applied for decades to the analysis of 
agricultural food products, and in recent years its use has been extended to the 
determination of mineral species and trace elements in organic and inorganic 
matrices. The near-infrared region (NIR) spectrum contains physical and chemical 
information of the product being analysed. The application of NIRS to the 
determination of arsenic, lead, copper, and zinc in wild and cultivated plant species 
has revealed its potential in the screening of these elements for phytoremediation 
purposes [21]. Near-infrared spectroscopy is very useful in probing bulk material with 
little or no sample preparation. NIR spectra of arsenate group minerals covering wide 
range of composition exhibit diagnostic absorption bands related to molecular 
overtones and combination vibrations. The cations like Cu2+ associated in arsenates 
produce electronic transition bands in the higher energy (12000-7200 cm-1 range) side 
of the near-infrared spectrum where as the bands in the region from 7200 to 4000 cm-1 
result from vibrational process. On the other hand, the variation of band positions in 
the spectra can be related to the change in the mineral composition [13, 22-24].  
 
 The chemical analysis data of arsenates presented by Anthony et al. (2003) 
shows; SO3 = 7.98, P2O5 = 0.64, As2O5 = 13.26, Al2O3 = 3.48, CuO = 46.56 and H2O 
= 28.21% for chalcophyllite and As2O5 = 34.62, Al2O3 = 1.17, Fe2O3 = 26.94, CuO = 
26.88, MgO = 0.23, CaO = 0.55, H2O = 9.25% in chenevixite [25]. It is important to 
emphasise that the  
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spectral properties and structural distortions of both transition metal cations and 
anions dependence on the mineralogical variations ( Farmer, 1974; Burns, 1970; Hunt 
& Salisbury, 1994; Rencz, 1999) [26-29]. Many of the hydrous minerals exhibit 
unusual spectral behaviour. Chenevixite mineral  is a hydrous copper iron arsenate. 
Chalcophyllite is unusual in that three different anion groups and large amounts of 
hydroxyl units and water molecules in its chemistry. NIR spectra can be used to 
identify the cations which are present in a mineral through theirband positions in the 
high wavenumber region. The spectra of the two arsenates in the overtones of OH 
fundamentals region are expected to be different and are utilised to correlate the 
structural variations in the mineral species. 
 
 The spectra of the two arsenate minerals are presented in four parts (Figs. 1 to 
4).  Bands in the electronic spectra resulting from the divalent copper are shown in the 
regions; 11700-8500 cm-1 and 8500-7200 cm-1 (Figs. 1 and 2). Fig. 3 represents the 
overtones of OH fundamental modes observed in the region 7200-5400 cm-1. Bands in 
the lower region of the near-infrared spectrum 5400-4600 cm-1 are attributed to 
combinations of OH stretching and bending modes. Bands extended from 4600 to 
4000 may be attributed to the combination vibrations of arsenate and sulphate ions.  
 
3.2 Electronic spectral region: 12000-7600 cm-1 
 
The electronic spectra of chalcophyllite Cu18Al2[OH)9(SO4)(AsO4)]·33H2O and 
chenevixite Cu2Fe23+[(OH)2(AsO4)]2 are shown in Figs. 1 and 2. The observed bands 
result from Cu(II) electronic transitions. Bands in the spectra are quite 
distinguishable.  The influence of the ferric ion on Cu(II) bands is visualized in 
chenevixite and its spectrum is depleted both in terms of intensity and shift of bands. 
The chalcophyllite spectrum displays one intense band centered at 9860 cm-1 and 
additionally two more component bands (Fig. 1a) are recognized at 11315 and 10675 
cm-1. A similar feature is seen in the second part of the electronic spectrum (Fig. 2a) 
where with an intense band at 7750 cm-1 coupled with two shoulders on either side at 
7975 and 7545 cm-1 and one component at 8285 cm-1. The position of bands and their 
splitting in the NIR spectral region is the character of Cu(II) ion. The splitting of the 
broad bands in the near-infrared spectrum of the two ranges, 11700-8500 cm-1 and 
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8500-7200 cm-1 is due to the Jahn-Teller effect [30, 31] and is an indication of 
distortion of octahedral symmetry for Cu(II) ion in the arsenate complex. The 
observed bands with maxima at 9860 and 7750 cm-1 are assigned to 2B1g  2B2g and 
2B1g  2A1g, transitions respectively. These assignments agree with the reports of 
copper complexes made by Hathaway & Billing (1970), Ferguson et al. (1975) [32, 
33]. A large number of copper bearing minerals have been investigated by the 
application of NIR spectroscopy.  For example, bands in the near-infrared spectra of 
smithsonite minerals observed at 8050 and 10310 cm-1 were assigned to Cu(II) [24]. 
The structure and spectral properties of two Cu-tellurite minerals [34]; graemite 
Cu[TeO3]·H2O and teineite Cu[TeO3]·2H2O were compared with Cu-selenite 
[CuSeO3·2H2O] minerals, chalcomenite and clinochalcomenite [35]. The position of 
the bands with splitting in the electronic spectra of tellurites are in conformity with 
octahedral distortion for Cu(II) ion. The chenevixite NIR spectrum (Fig. 1b and 2b) is 
well resolved in comparison with that of  chalcophyllite and band shifts are noticed 
with reduction in intensity. The cause of modified pattern may be explained by the 
additional cation of ferric iron association in the mineral. A single band is resolved in 
the higher wavenumbers at 9930 cm-1. In the lower region of the electronic spectrum 
(8500-7200 cm-1) three component bands are resolved (Fig. 2b) at 8340, 7920 and 
7680 cm-1 near the main band located at 7450 cm-1. The two main bands recognised 
for Cu(II) in chenevixite at  9930 and 7450 cm-1 are assigned to  2B1g  2B2g and 2B1g 
 2A1g  transitions respectively. The recent report on the investigations of NIR and IR 
studies of copper bearing xocomecatlite reveals two prominent bands for Cu(II) at 
9855 and 9015 cm-1 [36].  
 
3.3 Vibrational spectral region: 7600-4000 cm-1 
 
NIR spectroscopy has been applied to the study water in the interlayer of the arsenates. 
The spectral patterns of chalcophyllite and chenevixite are nearly similar. There is a 
little variation in intensity and band positions. A number of conclusions are made 
based upon the NIR spectra: (a) band positions and intensity are not identical in the 
7600-4000 cm-1 (b) the bands of chalcophyllite in the 7200-5400 cm-1 region are 
sharp and intense (c) Bands in the 7200-5400 cm-1 region shift to higher 
wavenumbers in chenevixite and additional bands are observed  in the spectral region 
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at <4500-4000 > are related to the combinational bands of arsenate vibrations. NIR 
spectroscopy provides a method for determination of the structure of water in the 
interlayer of natural arsenate minerals. The implications from the variation in the NIR 
spectra are that the structural arrangement of water for different arsenates is different and 
is sample. 
 
 Fundamental and overtone vibrational modes of H2O and OH- are observed in 
most of the minerals [37]. The spectra of chalcophyllite and chenevixite show one 
broad band in the region 7200-5400 cm-1 (Figs. 3a and 3b). For chalcophyllite, a 
broad band centred at 6740 cm-1 with a weak shoulder band at 5635 cm-1. The broad 
band shifts slightly to higher wavenumbers at 6870 cm-1 in the spectrum of 
chenevixite. This broad absorption feature corresponds to the 2OH overtones of the 
OH fundamental modes related Cu2+(OH)- groups which are hydrogen bonded to 
SO42- groups or AsO43- groups. Another strong absorption feature (Fig. 4a) extending 
from 5400 to 4700 cm-1 is evidence for molecular water absorption of the mineral 
structure of chalcophyllite.  This feature is also observed in chenevixite with a small 
shift to higher wavenumbers (Fig. 4b). The weak band observed at 5635 cm-1 and 
strong broad feature near 5170 cm-1 are assigned to the combination modes of OH- 
vibrations of H2O molecules [35]. 
 
 There is a spectacular difference between the two arsenates in the lower region 
from 4500 to 4000 cm-1. Complex spectra are shown by the arsenates in this spectral 
region. A stack of weak overlapping bands for chalcophyllite dispersed in the form of 
three shoulders at 4520, 4190 and 4015 cm-1 and there is no sign of separation 
between the vibrations of arsenate and sulphate ions. The complexity of the spectrum 
may be described to two factors: The mixed anions mineral chalcophyllite that makes 
the complex spectrum  and the unresolved bands may be attributed to the combination 
modes of arsenate or sulphate ion or even both. The ease of complexity is noticed in 
chenevixite spectrum may be explained by the significant contribution of the arsenate 
anion in the composition of the mineral and the well resolved bands are assignable to 
the combination  modes of the arsenate units.  The assignment of the NIR bands of 
two arsenate complexes are reported in Table 1 and is comparable with three selected 
basic copper(II) sulphate minerals [12].  
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   3.4   Infrared spectroscopy    
Hydrogen is one of the most pervasive elements in the crust and upper mantle of our 
planet. It can cause major changes in the chemical, physical, rheological, and 
electronic properties of the host phase. Hydrogen, typically, either OH- or H2O form, 
can enter the structure of major minerals which are usually formulated as anhydrous 
[38]. These studies rely heavily upon spectroscopic methods of analysis because they 
can determine the presence of both the chemical species and the amount of hydrogen 
present in them. Both water molecules and hydroxide groups are found in a variety of 
minerals. These molecules and ions are structurally bound in the mineral in definitive 
sites with distinct orientations. IR spectroscopy is the most sensitive and promising 
method for the characterisation of hydrogen bonding systems. In particular, this 
technique is most suitable for diagnosing the mineral species.  
Hydroxyl stretching vibrations:  
 
3700-2300 cm-1 spectral region  
 
The FTIR spectra of the two minerals chalcophyllite and  chenevixite were registered 
in the intervals 3800-2300 cm-1, 1800-1200 cm-1 and 1200-500 cm-1 (Figs. 5, 6 and 7). 
The spectra are characterised by three OH stretching vibrations in the high 
wavenumber range 3800-2300 cm-1. Chalcophyllite spectrum (Fig. 5a) shows one 
broad band at 3154 cm-1 with two shoulders on both sides at 3384 and 2899 cm-1. The 
Cu-OH vibrations are defined by the band at 3154 cm-1 and is one of the fundamental 
OH spectra of Cu(II) arsenate minerals. The shoulder at 3384 cm-1 could be assigned 
to OH-vibrations of the Al(OH) groups of chalcophyllite 
Cu18Al2[OH)9(SO4)(AsO4)]·33H2O. The shift of Cu-OH vibrations to higher 
wavenumbers at 3354 cm-1 (Fig. 5b) is the influence of ferric ion in chenevixite 
Cu2Fe23+[(OH)2(AsO4)]2. The appearance of the shoulder 3384 cm-1 in chalcophyllite 
is observed as  a sharp peak in chenivixite high-wavenumber IR region  at 3487 cm-1 
and is related to AlOHFe3+ groups in chenevixite Cu2Fe23+[(OH)2(AsO4)]2. Four 
strong OH-stretching bands reported for clay silicates by Yongue-Fouateu et al. 
(2009) at 3697, 3668, 3653 and 3620 cm-1 with two shoulders at 3674 and 3606 cm-1 
and the shoulder at 3606 cm-1 was assigned to AlOHFe3+ groups in both smectite and 
Fe-rich kaolinite [39]. 
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  Molecular water is weakly polarised by cations absorbs in the range 3650-
3400 cm-1 (weak hydrogen bonds). More strongly polarised H2O groups possessing 
strong hydrogen bonds are commonly manifested as broad diffuse absorption bands 
below 3400 cm-1. The observation of diffuse bands in the range 3700-2900 cm-1 
confirms strong hydrogen bonding in chalcophyllite relative to chenevixite. Fig. 5b 
shows high wavenumber bands for chenevixite at 3487, 3354 and 3044 cm-1 and these 
are strong and sharp. Band shifts to higher energy is aided by cations like Al3+ and 
Fe3+ in the complex. The shoulders on the lower wavenumber side of the main band at 
2899 and 3044 cm-1 in chalcophyllite and chenevixite respectively are attributed to 
OH- vibrations of H2O (w).  
 
 
H2O bending vibrations (δ H2O):  1800-1300 cm-1 spectral region 
 
Observed bending vibrations of H2O in the spectra of the samples are presented in 
Figs. 6a and 6b. The position of the water bending vibration indicates the water is 
strongly hydrogen bonded in the mineral structure. One strong band is produced by 
chalcophyllite at 1644 cm-1 with two component bands at 1695 and 1525 cm-1. The 
first peak shows evidence of strong hydrogen bonding where as the intense band 
centred at 1644 cm-1 is caused by adsorbed water in chalcophyllite mineral. Multiple 
bands for H2O-bending modes are observed in both the minerals. The bands are strong 
in chalcophyillite extending from 1800-1200 cm-1 shows water is strongly hydrogen 
bonded in the mineral structure.  
 
 For chenevixite these bands shift to low wavenumbers at 1667 and 1616 cm-1. 
There are two observations. The first band is attributed to multi-cations of Al, Fe and 
Cu included in the chenevixite structure. Secondly, an additional band observed at 
1390 cm-1 may be attributed to carbonate impurity in the mineral. The investigation 
on synthesis and characterisation of double layered hydroxides (LDHs) is favoured 
for the presence of (CO3)2- in the interlayer by the observation of carbonate ion 
stretching mode in the IR spectrum at 1350 cm-1 [40] .  
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(AsO4)3- and (SO4)2-stretching vibrations: 1300-500 cm-1 spectral region 
 
The arsenate ion (AsO4)3− shows four fundamental vibrations: ν1 = 818 cm−1 
(symmetric stretching vibration), ν2 = 350 cm−1 (doubly degenerate bending 
vibration), ν3 = 786 cm−1 (triply degenerate antisymmetric vibration) and ν4 = 398 
cm−1  (triply degenerate bending vibration). The ν3 mode is both IR and Raman active 
whereas ν1and ν2 modes are Raman active only.  Myneni et al. (1998a & 1998b) and 
Nakamoto (1986) [41-43] showed experimentally that the Td symmetry of arsenate 
ion is rarely preserved in natural minerals and synthetic compounds. Metal 
complexation  and or adsorption on mineral surface will cause reduction of symmetry 
of (AsO4)3− from  Td to lower symmetries, like C3v, C2v or C1.This change of 
symmetry causes splitting of degenerate modes of arsenate ion and also shifting of the 
As-OH stretching vibrations to different positions. The sulphate ion (Td symmetry) in 
aqueous system has symmetric stretching mode, ν1 = 981 cm−1, antisymmetric 
stretching mode, ν3 = 1104 cm−1, the symmetric bending mode, ν2 = 451 cm−1 and ν4 
= 613 cm−1 [44, 45]. The chalcophyllite mineral contains four distinct vibrational 
groups, namely, arsenate, sulphate and hydroxyl groups and water. The mineral is a 
mixed anion mineral. Mixed anion minerals are more common than might be 
expected. Isomorphic substitution takes place for arsenate by sulphate in the mineral 
chalcophyllite.  
 
 Chalcophyllite infrared spectrum (Fig. 7a) shows rich dependence on various 
vibrations that include water, OH-, sulphate and arsenate ions. The depletion of the 
composite spectrum is mainly caused by the multi-anions in the mineral complex. The 
arsenates spectra are characterised by two features centred around 1100 and 800 cm−1. 
The infrared bands in the region 1200-900 cm−1 are identified as sulphate ion 
vibrations and the peak centred upon 1064 cm−1 is assigned to ν3, antisymmetric  
mode of (SO4)2-. The weak absorption bands in the region 1000 to 900 cm−1 may be 
attributed to the (SO4)2- ν1 symmetric stretching vibrations. The position of second 
feature indicates arsenate ion bands. The sharp and strong  
band at 818 cm−1 is attributed to the ν3 antisymetric stretching mode of arsenate ion. A 
shoulder-band at 867 cm−1 is the contribution of (AsO4)3− ν1 symmetric stretching 
vibrations. 
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The two symmetrical features centred at 1100 and 800 cm−1 disclose the significant 
presence of both arsenate and sulphate ions and isomorphic substitution for arsenate 
by sulphate in chalcophyllite. The unsymmetrical nature of the chenevixite spectrum 
in the same region (Fig. 7b) shows partial substitution of arsenate by sulphate.  
 
 A number of observations are made from chenevixite IR spectrum at 1200-500 
cm−1 range. The spectrum is characterised by two features relating to sulphate and 
arsenate ions and is in conformity with the chalcophyllite spectrum. However, bands 
in the two profiles near 1100 and 800 cm−1 are shifted to lower wavenumbers. The 
strong profile at 799 cm−1 is a proof for high concentration of arsenic occurrence 
naturally and is closely related to chenevixite formula. IR spectroscopy of chenevixite 
confirms the (SO4)2- ν3 antisymmetric stretching mode at 1025 cm−1. Intensity of this 
mode is less strong compared to the band in chalcophyllite and is an evidence for 
partial substitution of arsenate by sulphate  
   
 4   Conclusions 
 
Two bands observed in the near-infrared spectrum of chalcophyllite at 9860 and 7750 
cm-1 result from the electronic transitions of Cu(II) ion. The cause of shift for Cu(II) 
bands to higher energy at 9930 and 7450 cm-1 in chenevixite may be attributed to the 
ferric ion, Fe(III) innclusion in the mineral complex.  
 
NIR spectroscopy has been used to determine the structure of water in the interlayer 
of the two natural arsenate minerals. The implications from the variation in the NIR 
spectra are that the structural arrangement of water for different arsenates is different 
and is sample dependent.  
 The combination modes of (AsO4)3- ion in the region 4500-4000 cm-1 is suppressed 
by (SO4)2- in chalcophyllite and appeared as shoulders with no maxima and they are  
well resolved  in chenevixite confirming the arsenate ion bands. Multiple bands for 
H2O-bending modes are observed in both the minerals. The bands are strong in 
chalcophyillite extending from 1800-1200 cm-1 shows water is strongly hydrogen 
bonded in the mineral structure.  
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The two symmetrical features centred at 1100 and 800 cm−1 disclose the significant 
presence of both arsenate and sulphate ions and isomorphic substitution for arsenate 
by sulphate in chalcophyllite.  
 
A number of observations are made from chenevixite IR spectrum at 1200-500 cm−1 
range. The spectrum is characterised by two features relating to sulphate and arsenate 
ions and is in conformity with the chalcophyllite spectrum. However, bands in the two 
profiles near 1100 and 800 cm−1 are shifted to low wavenumbers. The strong profile 
at 799 cm−1 is a proof for high concentration of arsenic occurrence naturally and is 
closely related to chenevixite formula. IR spectroscopy of chenevixite confirms the 
(SO4)2- ν3 antisymmetric stretching mode at 1025 cm−1. Intensity of this mode is less 
strong compared to the band in chalcophyllite and is an evidence for partial 
substitution of arsente ion by sulphate ion.  
 The spectral diversity exhibited by the arsenate minerals suggests numerous 
applications in spectroscopy leading to remote sensing data acquisition/collection. 
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